The effect of Eimeria maxima infection on the expression of amino acid and sugar transporters aminopeptidase, as well as the di-and tri-peptide transporter PepT1, is not solely due to decreased feed intake ABSTRACT Coccidiosis caused by Eimeria in poultry is endemic to poultry operations and results in decreased feed intake, diarrhea, and decreased weight gain. The goal was to determine the effect of Eimeria maxima infection on the expression of genes that encode peptide and amino acid transporters (AATs), and also to determine whether decreased feed intake contributes to the change in gene expression by including a pair-fed group of broilers. Three groups of male Ross broilers: 1) not infected, 2) infected, and 3) not infected pairfed groups were used. Chicks were infected with 1,000 oocysts of E. maxima at 21 d of age. Feed consumption was obtained daily, and at d 0, 3, 5, 7, 10, and 14 postinfection (PI), 6 birds were euthanized, and a portion of the jejunum was removed for qRT-PCR. Infected birds had significantly decreased feed consumption between d 6 to 9 PI. At d 7 PI infected birds had a 45% reduction in weight gain, and pair-fed birds had a 32% reduction in weight gain. The feed conversion ratio at d 7 PI of infected birds was 2.2 while that of pair-fed birds was 1.7, compared to 1.5 in uninfected birds. Growth parameters were more affected in infected birds than in pair-fed birds. By measuring expression levels of nutrient uptake and processing genes via qRT-PCR, it was determined that genes encoding proteins located at the brush border of the gut epithelium were affected by infection as well as change in feed intake. The expression of AATs B
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INTRODUCTION
In modern poultry production, the costliest component of rearing broilers is feed, particularly protein. However, broiler productions are commonly challenged by pathogens that infect the gastrointestinal tract, leading to losses in feed efficiency. The most common parasites that infect broiler chickens are single-celled eukaryotic organisms belonging to the genus Eimeria, a member of the phylum Apicomplexa (Levine, 1988) . There are 7 species of Eimeria that can infect chickens, and Eimeria maxima is of importance (due to pathology as well as frequency of occurrence) in agricultural production by causing symptoms such as diarrhea, anorexia, and decreased weight gain. Clinical signs of coccidiosis also include malabsorption documented by a decrease in plasma carotenoid levels (Allen, 1987) . Each species infects a distinct portion of the gut (McDougald, 1998) , and E. maxima infection locates to the mid-gut, proximal as well as distal to Meckel's diverticulum. The life cycle is initiated upon ingestion of sporulated oocysts from litter. Four sporocysts are released from oocysts, and each sporocyst in turn releases 2 sporozoites, a motile form that then infect cells of the intestinal epithelia. In the epithelia, the parasite undergoes a series of asexual divisions, resulting in formation of schizonts that can release hundreds of merozoites that then infect neighboring host cells. This asexual cycle can be repeated several more times, causing pathology when parasites break out of enterocytes. An unknown trigger causes the formation of the sexual stages of the parasite, the micro-and macrogametocytes that undergo sexual reproduction, leading to production of oocysts that are then shed in the feces. The oocysts undergo sporulation in the environment that takes a minimum of 24 h, resulting in sporulated oocysts that are fully infectious (Conway et al., 1993) . Because Eimeria infection results in decreased growth and feed conversion, we wished to investigate the effect of these parasites on the expression of genes that encode proteins with nutrient processing and transport.
The chick intestine is the primary location for nutrient absorption. In the brush border of intestinal enterocytes, proteins are broken down to di-or tri-peptide amino acids (AAs) and are transported by enterocytes via amino acid transporters (AATs), while monosaccharides are transported into enterocytes via specific sugar transporters. On the basolateral membrane of the enterocyte, a number of AATs are present that can either transport AAs from inside of the enterocyte to the vascular supply or vice versa. A list of the genes whose expression was measured in this study are listed in Table 1 .
It has been previously reported that Eimeria infection (with either E. maxima, E. tenella, or E. acervulina) affects the expression of nutrient transporters (PepT1, amino acid and sugar transporters) by causing significant decrease in mRNA expression of the transporters that are located at the brush border of the gut epithelia (Miska and Fetterer, 2017; Su et al., 2015) . The biggest changes were noted at the height of the infection (d 6 to 7) and in most cases by d 14 PI the expression levels were similar to those seen in uninfected birds or were slightly depressed (Miska and Fetterer, 2017) . The expression of genes located at the basolateral surface was not as greatly changed as the brush border transporters, especially in E. maxima-infected birds Miska and Fetterer, 2017; Su et al., 2015) . The expression of mRNA encoding sugar transporters has been shown to decrease at the height of infection, particularly in E. acervulina-and E. maxima-infected birds (Miska and Fetterer, 2017; Su et al., 2015) . It is known that during the height of infection, the consumption of feed decreases significantly in comparison to healthy birds (Allen, 1987) . In the present study, our aim was to determine how and if decrease in feed intake affects the expression of nutrient transports as well as aminopeptidase (APN). To achieve this goal, the study contained 3 experimental groups: uninfected controls, infected birds, and uninfected birds that received as much feed as was eaten by the infected birds (pair fed). It has previously been reported that the expression of PepT1, APN, the cationic transporters (CAT1-3) as well as SGLT1 can be affected by feed restriction (Chen et al., 2005; Duarte et al., 2011; Humphrey et al., 2006) , but these data are rather limited. Therefore, this experiment was expanded to assess a larger number of nutrient transporters in infected and healthy birds over a period of 2 wk. We compared experimental groups to determine the effects of decreased feed intake and Eimeria infection on the expression of nutrient transporters as well as APN.
MATERIALS AND METHODS

Bird Husbandry and Parasite Infection
Oocysts used in the studies were a laboratory strain of E. maxima (APU-1 maintained as previously described (Fetterer and Barfield, 2003) . The APU-1 isolate has been maintained at BARC Beltsville MD, for over 15 years and is checked for purity via PCR following each propagation. Newly hatched male broiler chicks (Ross Heritage; Longenecker's Hatchery, Elizabethtown, PA), were placed into 1.0-m 2 wire pens (approximately 20 to 30 birds/pen). At 18 d of age, birds were moved into battery cages (Petersime finisher units, Petersime, Gettysburg OH), with 6 birds placed per cage. Birds were fed a standard poultry starter ration (crumbles, 24% protein) and given water ad libitum. At 21 d of age, all birds were weighed and were divided into 3 experimental groups: 1) Uninfected controls consuming ad libitum diet, 2) Infected animals consuming ad libitum diet, and 3) Uninfected pair-fed birds, consuming the amounts of feed eaten by infected birds. Each treatment group consisted of 36 birds housed at 6 birds per cage. Birds were infected with 1 × 10 3 E. maxima oocysts per bird by oral gavage in a volume of 1.0 mL. Control birds were orally gavaged with 1.0 mL water. Birds were weighed and their feed consumption was measured daily. Birds were sacrificed by cervical dislocation 0, 3, 5, 7, 10, and 14, d post infection (PI). At each time point 6 were sacrificed from each of the 3 sample groups. Feed conversion ratio (FCR) was calculated by dividing the feed intake by the daily average weight gain. All experiments were carried out under protocols approved by the Beltsville Agricultural Research Center Animal Care and Use Committee.
Tissue Sampling
Following sacrifice, the body cavity of each bird was opened and a blood sample (approximately 4 cc) was taken directly from the heart and placed in a tube containing EDTA. Plasma was used to determine carotenoid levels using previously published techniques (Allen, 1987 ). The intestinal tract was then removed, and 4 to 5 cm of the jejunum were collected (near Meckel's diverticulum). Each region was cut into smaller pieces (approximately 0.5 cm wide) and placed in a solution of RNAlater (Life Technologies). The tissues were incubated overnight at 4
• C and were then transferred to -20
• C until RNA extraction.
RNA and cDNA Preparation and qRT-PCR
Total RNA was extracted from 100 mg of tissues using the PureLink RNA mini kit (Life Technologies, Carlsbad, CA) using manufacturers recommended protocol. Total RNA (5 μg) was digested using Turbo DNase (Life Technologies) for 30 min at 37
• C. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using the iScript Advanced cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) using manufacturer's recommended protocol. To ensure that there was no possible DNA contamination, all samples were also analyzed by PCR without the reverse transcriptase enzyme mix. Each of the cDNA samples was diluted 1:5 prior to reverse transcription polymerase chain reaction (qRT-PCR), and 1 μL of the diluted cDNA was used per qRT-PCR reaction. All qRT-PCR reactions were performed using the SsoAdvanced SYBR green supermix (Bio-Rad). Each reaction consisted of 1 μL diluted cDNA, 1 μL forward primer (10 μM), 1 μL reverse primer (10 μM), 7 μL H 2 O, and 10 μL 2× SYBR green supermix. The following PCR conditions were used: 95
• C for 30 s and 35 cycles of 95
• C for 30 s, 56
• C for 1 min, and 72
• C for 1 min. All qRT-PCR was carried out using CFX96 Touch Thermo Cycler (Bio-Rad). The primers for transporter genes and aminopeptidase in this study have been previously published (Gilbert et al., 2007; Miska et al., 2015) . Each of the genes investigated in this study is is described in detail in Table 1 . Gene expression was measured using relative expression with β2-microglobulin serving as an endogenous control. Primers for β2-microglobulin amplification were reported in Fetterer et al., 2014 . Relative gene expression was calculated using the 2 −ΔΔCt (fold changes) method (Livak and Schmittgen, 2001 ). The average ΔCt of the 5 control samples was used to calculate ΔΔCt values.
Statistical analysis was performed with commercial statistical package (SigmaPlot, Systat Software Inc, San Jose, CA). Differences in weights and plasma carotenoids of infected and uninfected chickens were determined by analysis of variance (ANOVA)and comparison of means made Holm-Sidak test. The data for relative expression were expressed as log2 (fold change) equivalent to −ΔΔCt. The log2 transformation normalized the data and better presented the down-regulation of genes. The analysis of relative transporter expression compared to the value at d 0 for each gene with those from the other sampling points was performed by ANOVA and comparisons of means made with HolmSidak test. All values were presented as means ± SEM, and differences were considered significant at P < 0.05. Feed consumption and FCR data were analyzed by linear regression analysis and best-fit line. The 95% confidence intervals were determined for the data obtained for the NI control birds.
RESULTS
Growth and Feed Components
The weight gain of all 3 experimental groups [not infected and fed ad libitum (NI), noninfected pair fed (PF), and E. maxima infected and fed ad libitum (EM)] are shown in Table 2 . During the first 2 time points, neither group differed in weight gain; however, as the infected birds began consuming less feed at d 6 PI ( Figure 1A and Table 2), the weight gains began to differ. At d 7 PI, the PF and the EM groups had significantly lower weight gain than the NI group, but there was no difference between PF and EM birds. However, by d 10 PI, each of the 3 groups showed weight gain that was significantly different from each other. The NI birds had the biggest weight gain (843 g), followed The relative expression of mRNAs encoding enzymes associated with the brush border membrane of gut epithelial cells in chicks infected with either A)) Eimeria maxima-infected birds or B)) pair-fed birds that were not infected but were fed the same amount that infected birds ingested the previous day. Abbreviation used for each gene is as given in methods. Relative expression is measured as -ΔΔCt relative to uninfected birds fed ad libitum. All values are means with error bars indicating 1 SEM.
* Indicates values significantly different (P < 0.05) from value at d 0.
by the PF group (768 g), with the EM group having the smallest weight gain (488 g). By d 10 PI, the infected birds were still consuming less feed than NI birds ( Figure 1A) . By d 14 PI, the PF birds had a larger weight gain than the NI controls; however, this difference was not significant, while the EM group still displayed significant weight depression (Table 2) , even though by d 11 PI birds were consuming as much feed as NI controls ( Figure 1A ).
Regression analysis indicated that the feed conversion ratio (FCR) determined for the NI birds was constant (slope not significantly different from 0) over the course of the infection ( Figure 1B) . The relationship between FCR and d PI was nonlinear for the EM infected birds with an elevated FCR (outside of the 95% CI) beginning at d 5 PI and persisting through d 14 PI, with the highest FCR observed between d 7 to 10 PI. Meanwhile, the PF birds that were not infected but receiving the same amount of feed as the EM group showed elevated FCR only at d 5 and 7 PI, and the increase was not as large to that seen in the EM group (peak of 1.8 in PF group versus 2.5 in the EM group) ( Figure 1B ).
There were no differences in plasma carotenoid levels between the NI groups and PF groups at any of the time points (Table 2) . However, the EM birds had decreased levels of plasma carotenoids beginning at d 5 (when clinical signs of coccidiosis start developing) and persisting through d 14 PI (Table 2) .
mRNA Expression of APN, PepT1, and Amino Acid Transporters Located at the Brush Border of the Intestinal Epithelium
The expression of mRNAs encoding proteins associated with the brush border is shown in Figure 2 . The expression was calculated relative to values obtained from NI birds. Altogether expression of 7 genes associated with the brush border membrane was measured. The expression of 2 genes ASCT1 (neutral AA transporter) and ATB
•+ (Na + -and Cl − -dependent neutral and cationic amino acid transporter) increased in EM birds particularly at the height of infection, and returning to levels comparable to those seen in NI birds by d 14 PI (Figure 2A) . The expression of the other genes (APN, B
• AT, b
•,+ AT, EAAT3, and PepT1) was decreased in EM birds, particularly at the height of infection (1 wk PI) with values becoming more comparable to those seen in uninfected birds in all cases except EAAT3 (Figure 2A) .
The relative expression of brush border associated genes in PF birds is shown in Figure 2B and these result differed from the results of the EM birds. The expression of 3 genes (B
•,+ AT, and PepT1) increased compared to NI birds, particularly during the period that these birds were consuming less feed ( Figure 1A ). The expression of the remaining 4 genes is somewhat less organized, but for the most part, the expression of APN, ASCT1, ATB
•+ , and EAAT3 decreases when less feed is consumed.
mRNA Expression of Amino Acid Transporters Located at the Basolateral Surface of the Intestinal Epithelium
The expression of mRNAs encoding proteins associated with the basolateral surface is shown in Figure 3 . The expression was calculated relative to values obtained from NI birds. Expression of 7 genes associated with the basolateral surface (CAT1, CAT2, γ ++ LAT1, γ ++ LAT2, SNAT1, and SNAT2) was measured. The expression seen in EM birds ( Figure 3A) is much less organized than the expression of brush border associated genes. Overall the expression seen in EM birds is in some cases very similar to what is seen in the PF birds. For example, the expression of CAT1, CAT2, γ ++ LAT2, SNAT1, and SNAT2 are very similar. At d 5 PI there is a large increase in expression of CAT2 and SNAT2 in both EM and PF groups. The expression of LAT1 is not significantly affected in either group. The statistically significant increases in expression of the basolateral transporters in the EM group are seen mostly at d 5 PI, when the onset of clinical symptoms is beginning (Table 2) .
mRNA Expression of Sugar Transporters
The expression of 4 sugar transporters, GLUT2, GLUT5, SGLT1, and SGLT5, was measured and is shown in Figure 4 . GLUT2 is located on the basolateral surface of the epithelium and is the major transporter response for the efflux of glucose out of the gut epithelium. The expression of GLUT2 in EM birds decreases during infection ( Figure 4A ) and in PF birds ( Figure 4B ) a decrease in expression was followed by a significant increase at d 10. SGLT1 and GLUT5 are both located at the brush border and are responsible for bringing glucose and fructose into the gut epithelial cells from the gut lumen. The expression of SGLT1 increased significantly in infected birds at d 5 PI, and in PF birds, the expression significantly increased at d 5 and 7. The expression of GLUT5 decreased at the height of infection in EM birds, while in PF birds, there was a large increase in expression at d 5; however, that was the only statistically significant change observed PF group for this gene. SGLT5 transports glucose, but it is not known whether it is present in the apical or basolateral surface of the gut epithelia. The expression of SGLT5 was similar in both EM and PF birds (Figure 4) with a sharp increase in expression observed at d 5, followed by a drop off in expression levels.
DISCUSSION
The goal of this study was to determine whether decreased feed intake in E. maxima-infected broilers plays a part in changes in expression of genes that play a role in nutrient processing and transport. Here we employed a pair-feeding approach in which a group of uninfected chickens was only given the same amount of food as the infected birds had consumed during the previous d. The experimentally infected chickens showed clear clinical symptoms of coccidiosis, such as depression in carotenoids, decreased feed intake, decrease in weight gain, and in an increase in feed conversion. During the course of the study, these symptoms began to resolve; however, even at d 14 PI, infected chickens still displayed decreased weight gain and increased FCR even though feed consumption resembled that of NI birds. It has been previously noted that Eimeria infection results in changes in expression of amino acid, sugar transporters, and digestive enzymes. Miska and Fetterer, 2017; Su et al., 2014 Su et al., , 2015 . These changes are particularly prominent at the height of infection (d 6 to 7 PI) and are characterized by significant decreases in expression of genes associated with the brush border of the gut epithelium Miska and Fetterer, 2017; Su et al., 2014 Su et al., , 2015 . The genes that have been previously associated with greatest decrease in expression are APN, B
•,+ AT, EAAT3, PepT1, rBAT, GLUT2, and GLUT5, and the present study corroborated these results. With the exception of GLUT2, all of the genes encode proteins located at the brush border. GLUT2 is located at the basolateral membrane of the gut epithelium and can function in bringing glucose into as well as out of the gut epithelial cells (Miska and Fetterer, 2017) . The 2 genes ASCT1 and ATB
•,+ , which encode brush border AA transporters, increased in expression during E. maxima infection. The increase in expression of ATB
•,+ , which encodes Na + -and Cl --dependent neutral and cationic amino acid transporter, has been previously observed (Miska and Fetterer, 2017) . Similar to previous reports, the mRNA expression of basolateral transporters was not as dramatic or as consistent as those of brush border genes, and at the height of infection, large changes in expression are not observed (Miska and Fetterer, 2017) . Altogether observed patterns of gene expression of digestive enzymes and nutrient transporters have been replicated in at least 2 studies, here we have reported significantly decreased expression in genes at the brush border at the height of infection.
A decrease in feed intake was observed in infected chickens at d 5 PI, which reached its maximum 7 d PI, and returned back to levels observed in uninfected birds at 11 d PI. It is therefore possible that decreases in the feed intake contributed to observed changes in gene expression. Several studies have addressed the changes in gene expression of digestive enzymes and nutrient transporters, although the majority of these studies focused on a few of the genes, and their primary focus was on expression of PepT1 and APN. The di-and tri-peptide transporter PepT1, which is located on the brush border of the gut epithelium, has been reported to be increased in expression in feed-restricted chickens eating approximately 30% less than chickens fed ad libitum (Chen et al., 2005; Gilbert et al., 2008; Madsen and Wong, 2011) . In a study carried out by Susbilla et al., 2003 , it was reported that the expression of both APN Figure 4 . The relative expression of mRNAs encoding enzymes that transport sugars and are associated with either the brush border or basolateral membrane of gut epithelial cells in chicks infected with either A) Eimeria maxima infected birds or B) Pair-fed birds that were not infected but were fed the same amount that infected birds ingested the previous day. Abbreviation used for each gene is as given in methods. Relative expression is measured as -ΔΔCt relative to uninfected birds fed ad libitum. All values are means with error bars indicating 1 SEM.
and PepT1 was up-regulated by in chickens with 40% feed restriction that were 5 to 11 d of age. PepT1 mRNA expression is also increased in mammalian species who are feed restricted. Rats who were feed deprived for 4 d or fed 50% of the control showed increased levels of PepT1 expression (Ihara et al., 2000) . An increase in expression of SGLT1, PepT1, and APN was also found in broilers whose feed was restricted by 30% for 7 d; however, this study reported no changes in expression of maltase or GLUT2 (Duarte et al., 2011) . In the current study, the expression of PepT1 increased at d 7 (the point at which feed restriction is highest), but the expression of APN decreased significantly ( Figure 2B ). Gilbert et al. (2008) hypothesized that since PepT1 is a low-affinity but high-capacity transporter, an increase in its expression during feed restriction may serve as a way to conserve energy while maximizing uptake of nutrients. A single study has been carried out to determine the expression of cationic transporters CAT1-3 (Humphrey et al., 2006) in animals fed a lysine-deficient diet as well as in feed-restricted birds (since chickens consume less of the lysine-deficient diet). Lysine deficiency caused a decrease in expression in liver, pectoralis muscle, bursa, and thymus. However, pair-fed birds showed an increase in CAT1 and CAT3 expression in every tissue but the thymus (Humphrey et al., 2006) . Though the small intestine was not sampled in this study, CAT2 showed significant up-regulation in the pair-fed group in the liver and pectoralis muscle.
From the results of the current study, we believe that both E. maxima infection as well as restriction in diet results in changes in expression of digestive enzymes as well as nutrient transporters, especially those that encode proteins located at the brush border of the gut epithelium. During coccidiosis, the genes we examined here decreased in expression (with the exception of ATB
•,+ and ASCT1) and lasted until d 14 PI. On the other hand, when feed is restricted to the levels eaten by coccidia-infected birds using a pair-feeding method, the expression of B
•,+ AT, and PepT1 increased. Interestingly, ATB
•,+ and ASCT1 expression in pair-fed birds decreased, whereas it increased in infected birds. Only the expression of APN and possibly EAAT3 followed a similar pattern in pair-fed as well as infected birds, although it was much more robust in infected birds.
It is much harder to tease apart any pattern of gene expression encoding transporters located on the basolateral surface in the infected birds since the expression levels can vary sporadically from one time point to another. However, in general, feed-restricted birds showed some increase in expression in 4 AAT genes (CAT2, γ + +LAT1, γ + +LAT2, and SNAT1). Based on the present study, we postulate that coccidiosis and feed restriction result in different expression patterns of nutrient transporters, especially for the genes that encode proteins associated with the brush border of the gut epithelium. In the course of coccidiosis, the gut epithelium is destroyed when parasites exit the host cells, and a decrease in expression can be attributed to these factors. In our experimental model, we infected birds with a moderate E. maxima infection so that destruction of the gut epithelium was limited. During periods of feed restriction, the digestive enzymes and nutrient transporters may increase in expression in order to make the uptake of the limited nutrients more efficient. Currently, much of the work focusing on nutrient transporters in poultry has been carried out at the gene expression level because antibodies against these proteins are not commercially available and are difficult to make, but it would be very interesting to investigate the responses of these molecules at the protein level.
